Background. Influenza virus and respiratory syncytial virus (RSV) are among the most common viruses causing infections of the lower respiratory tract in young children. Although there are important differences in the immunopathogenesis of these 2 viral pathogens, little is known about how they affect antigen-presenting cells in children with acute infections.
tients who are elderly, are immunocompromised, or have underlying cardiopulmonary disease, influenza virus infections are common in children, who are thought to perpetuate influenza outbreaks. In infants and children Ͻ5 years of age, influenza virus most frequently causes infection of the upper respiratory tract [3] , but 10%-50% of children develop lower respiratory tract involvement, including bronchiolitis and pneumonia.
Respiratory syncytial virus (RSV) is the leading viral respiratory pathogen in young children, resulting in Ͼ126,000 hospitalizations annually in the United States [4 -7] . Like influenza, RSV infection in infants causes upper respiratory tract infection. Up to one-third of infants with RSV infection develop lower respiratory tract involvement, including bronchiolitis, which is the most common syndrome associated with RSV. Although there are some similarities in the clinical manifestations of these infections in young children, there are also differences in the clinical responses to these viruses. For example, RSV infection is more frequently associated with recurrent wheezing and airway hyperreactivity [8 -10] . In contrast, influenza virus infection has not been associated with long-term airway hyperreactivity. In addition, both viruses induce only incomplete immunity and are commonly associated with recurrent infections. It is also important to note that, although there currently is no licensed vaccine for RSV infection, vaccines for influenza are available and are quite effective, even in young children [11, 12] .
Little is known about the role of antigen-presenting cells in RSV and influenza virus infections in young children. We previously demonstrated recruitment of both myeloid dendritic cells (mDCs) and plasmacytoid dendritic cells (pDCs) to the respiratory tract of children with acute viral respiratory infections [13] . Our initial studies focused on RSV and demonstrated that children infected with RSV had increased numbers of mDCs and pDCs in nasal wash samples, compared with healthy controls. We also studied patients infected with other viruses, including influenza virus, parainfluenza virus, and cytomegalovirus, and we found that all these other viruses were also associated with recruitment of increased numbers of dendritic cells (DCs) to the nasal mucosa. The small numbers of such patients included in our previous study, however, precluded comparisons among patients with different viruses.
The present study was designed to further characterize the participation of antigen-presenting cells in acute viral respiratory infections. Accordingly, we conducted a comparative analysis of the numbers of immune cell subsets and concentrations of cytokines/chemokines present in both the upper respiratory tract and the blood of children infected with 1 of 2 major respiratory viruses: influenza virus and RSV. Our results provide evidence that acute influenza virus infection in young children results in increased numbers of mDCs, pDCs, and monocytes in the upper respiratory tract, compared with acute RSV infection in children. Acute influenza virus infection also results in greater concentrations of monocyte chemoattractant protein (MCP)-1 in nasal wash samples and increased concentrations of RANTES (regulated on activation, normally T cell expressed and secreted) in blood samples than does RSV infection.
SUBJECTS AND METHODS

Patient population.
Inclusion criteria for enrollment into the groups of patients with viral infection in the study were (1) age Ͻ36 months, (2) acute illness requiring hospitalization, and (3) diagnosis of infection with influenza virus or RSV by use of a direct fluorescent antibody (DFA) test (Diagnostic Hybrids) and/or viral culture (of HEp-2 or A549 cells). The DFA test and viral culture routinely performed by the clinical virology laboratory identify RSV; influenza viruses A and B; parainfluenza viruses 1, 2, and 3; adenovirus; and rhinovirus. Our control population consisted of healthy infants with no history of upper respiratory tract illness within the preceding 3 weeks. These children were typically enrolled in the study while in the operating room undergoing scheduled surgical procedures that did not involve the lung or respiratory tract. Nasopharyngeal viral cultures were performed at enrollment for all healthy controls, despite the lack of respiratory symptoms. Exclusion criteria for all groups included (1) age Ͼ36 months, (2) use of immunosuppressive medications, and (3) history of chronic lung disease. Written informed consent was obtained for all patients; and the study was approved by the institutional review board (IRB) of the University of Texas Southwestern Medical Center (IRB file 1096 -36300).
Nasal wash sampling and cell isolation. Nasal wash samples were collected from patients by nasal suctioning performed according to a validated protocol [14] . In brief, after instillation of 3 mL of sterile saline into the patients' nares, a suction catheter (connected to a mucus trap) was inserted 5 cm deep into the nasopharynx, and suction was applied during slow withdrawal of the catheter. Samples were collected into a mucus trap connected to the suction catheter, and a total of 3 mL of viral transport media was subsequently suctioned into the mucus trap to salvage any material remaining in the catheter. The nasal wash samples were then transported and maintained at 4°C, centrifuged at 300 g for 10 min, and were stored at -80°C for subsequent analysis. The nasal wash samples remaining after supernatant removal were then processed to single cell suspensions before staining was performed as described elsewhere [13] .
Cell staining for flow cytometric analysis. For staining of cells in nasal wash samples, 200,000 cells per tube were incubated with antibodies. For staining of cells in blood, 100 L of blood and 3-10 L of each antibody were incubated as described elsewhere [13] . The following antibodies were used for staining of cells in both nasal wash and whole-blood samples: Lineage-FITC cocktail (containing CD3, CD14, CD16, CD19, CD20, and CD56), CD123-PE, HLA-DR-PerCP, CD11c-APC, CD4-FITC, CD8-PE, CD3-PerCP, and CD14-APC (BD Biosciences). Statistical analysis. Data were displayed graphically by use of box-and-whisker plots. The solid dark line in the middle of each box denoted the median value; the lower and upper edges of the box, the 25th and 75th percentiles, respectively; and the whiskers, the range of values that fell within 1.5 box lengths from the 25th and 75th percentiles [15] . Because the data were not normally distributed, statistical testing of the overall group differences was performed using Kruskal-Wallis tests (a nonparametric alternative to 1-way analysis of variance), followed by post hoc pairwise comparisons conducted using Mann-Whitney U tests with Bonferroni corrections for family-wise multiple comparisons.
RESULTS
Patient characteristics.
Twenty-two patients with influenza virus infection, 82 patients with RSV infection, and 37 healthy controls were enrolled in the present study between December 2000 and April 2005. Demographic characteristics of and clinical data for the patients are summarized in table 1. Clinical presentations of patients infected with influenza virus included bronchiolitis, dehydration, fever (38.5 C), and pneumonia. All patients infected with RSV had bronchiolitis. The median duration of symptoms (i.e., the number of days of illness) at the time of study enrollment was 3 days for patients infected with influenza virus versus 5 days for patients infected with RSV (P Ͻ .05). The median length of hospitalization (LOH) was 3 days (range, 0 -16 days) for patients infected with influenza virus (P ϭ .14) versus 4.5 days (range, 0 -25 days) for patients infected with RSV. During hospitalization, patients were treated symptomatically with oxygen, intravenously administered fluids, and ␤-adrenergic agents for variable periods, but they did not receive antiviral agents or corticosteroids. Patients infected with influenza virus received supplemental oxygen for a median of 0 days (range, 0 -13 days), and patients infected with RSV received supplemental oxygen for a median of 1 day (range, 0 -21 days) (P ϭ .09). Age distribution was similar for patients with influenza virus infection and those with RSV infection, whereas the healthy control population had a median age higher than that of the patients with viral infections (table 1) (P Ͻ .05).
Recruitment of mDCs to the upper respiratory tract and reduction in their numbers in the blood of patients with acute infection with influenza virus or RSV. DCs were identified by flow cytometry as being lineage (CD3, CD14, CD16, CD19, CD20, and CD56) negative, HLA-DR positive, and either CD11c positive (mDCs) or CD123 positive (pDCs) [13] . The median number of mDCs in nasal wash samples (hereafter referred to as "nasal wash mDCs") was 10,880 mDCs/sample for patients with influenza, 3040 mDCs/sample for patients with RSV infection, and 177 mDCs/sample for healthy controls (P Ͻ .05) (figure 1A). Patients in both the influenza virus and RSV infection groups had significantly increased numbers of nasal wash mDCs, compared with healthy controls (P Ͻ .003). Patients with influenza virus infection had significantly greater numbers of nasal wash mDCs than did the patients with RSV infection (P Ͻ .003).
Patients with influenza virus infection had decreased numbers of mDCs in blood samples (hereafter referred to as "blood mDCs") (6450 mDCs/mL), compared with healthy controls (22,780 mDCs/mL; P Ͻ .003) (figure 1B). Likewise, patients with RSV infection had decreased numbers of blood mDCs, compared with healthy controls (median count, 5320 mDCs/ mL, compared with controls; P Ͻ .003). There was no significant difference between the decreased number of blood mDCs in patients with influenza virus infection and patients with RSV infection, suggesting that acute respiratory infection with either virus results in the emigration of mDCs out of the blood.
Increase of pDCs in nasal wash samples (hereafter referred to as "nasal wash pDCs") and decrease in pDCs in blood samples obtained from patients infected with influenza virus or RSV. The median number of nasal wash pDCs was 2720 pDCs/sample for patients with influenza virus infection, 628 pDCs/sample for patients with RSV infection, and 101 mDCs/ sample for the healthy control group (P Ͻ .05) ( figure 1C ). Both the patients with influenza virus infection and the patients with RSV infection had significantly increased numbers of nasal wash pDCs, compared with healthy controls (P ϭ .02 and P ϭ .003, respectively). Patients infected with influenza virus had significantly greater numbers of nasal wash pDCs than did patients infected with RSV (P Ͻ .003). As we observed for blood mDCs, the numbers of pDCs in blood (hereafter referred to as "blood pDCs") were decreased in patients with influenza virus infection or RSV infection, compared with healthy controls. The median number of pDCs per milliliter of blood was 6300 for patients with influenza virus infection, 4900 for patients with RSV infection, and 15,980 for healthy controls (P ϭ .003, for patients with influenza virus infection vs. controls; P Ͻ .003, for patients with RSV infection vs. controls; and P ϭ 1.0, for patients with RSV infection vs. those with influenza virus infection) ( figure 1D ). Increase in the number of monocytes in nasal wash samples obtained from patients infected with influenza virus. Monocytes were defined, by means of flow cytometry, by an expression of CD14 and a lack of CD3. The median number of monocytes in nasal wash samples (hereafter referred to as "nasal wash monocytes") was significantly increased in patients with influenza virus infection (299,430 monocytes/nasal wash), compared with patients with RSV infection (73,640 monocytes/nasal wash; P ϭ .003) and healthy controls (36,051 monocytes/nasal wash; P Ͻ .003) (figure 2A). The number of nasal wash monocytes was not increased in patients with RSV infection, compared with controls (P ϭ .3). Unlike mDCs and pDCs, monocytes were not decreased in the blood of patients with influenza virus infection, compared with healthy controls (364,060 monocytes/mL of blood in patients with influenza virus infection and 399,350 monocytes/mL in controls; P Ͼ .5) (figure 2B). Although the median number of monocytes in blood was slightly higher in patients with RSV infection (567,000 monocytes/mL), it was not significantly different than the numbers of monocytes in blood in the other groups.
No significant alteration in the numbers of CD3 ؉ CD4 ؉ and CD3 ؉ CD8 ؉ T cells in nasal wash and blood samples from patients infected with influenza virus or RSV. Unlike frequencies of DC subsets and monocytes, frequencies of CD3 ϩ CD4 ϩ T cells were not significantly altered by either influ- 
cell numbers in nasal wash (D) and blood (E) samples obtained from patients with influenza virus or RSV infection. F, Flow cytometry plot demonstrating how CD3
ϩ CD8 ϩ T cells were identified in blood samples. No significant differences were observed between the study groups. 
CD8
ϩ T cells in nasal wash samples were not significantly different among groups (13,070 cells/sample for patients with influenza; 8475 cells/sample for patients with RSV infection; and 6138 cells/sample for controls) ( figure 3D ). In addition, the numbers of blood CD3 ϩ CD8 ϩ T cells in blood were also similar among all groups: 925,830 cells/mL in patients with influenza, 693,260 cells/mL in patients with RSV infection, and 618,340 cells/mL in healthy controls ( figure 3E ).
Increases in concentrations of MCP-1 in nasal wash samples obtained from children with acute influenza.
Of the 23 different cytokines measured in nasal wash samples, only the concentrations of MCP-1 in patients with influenza virus infection (median, 380 pg/nasal wash sample) were significantly increased, compared with those of both patients with RSV infection (86 pg/nasal wash sample; P ϭ .006) and healthy controls (47 pg/nasal wash sample; P Ͻ .003) (figure Cytokines/chemokines were significantly increased in nasal wash samples obtained from patients with viral infection (due to influenza virus or RSV), compared with controls. The line in the center of each box denotes the median value; the lower and upper edges of the box, the 25th and 75th percentiles, respectively; and the whiskers, the range of values that fall within 1.5 box lengths from the 25th and 75th percentiles. P values denote post hoc pairwise comparisons made using Mann-Whitney U tests with Bonferroni corrections for family-wise multiple comparisons. A, Increased nasal wash concentrations of MCP-1 in children with acute infection with influenza virus. B, Increased nasal wash concentrations of cytokines/chemokines in patients with acute viral respiratory infection. The increased concentrations were not significantly different between the groups infected with influenza virus and RSV.
4A). MCP-1 concentrations in nasal wash samples obtained from patients with RSV infection were also significantly higher than those noted in samples from controls (P ϭ .018). As shown in figure 4B , patients with influenza virus or RSV infection had significantly increased nasal wash concentrations of several cytokines, including IL-6, IL-8, MIP-1␣, IP-10, and TNF-␣. There were no significant differences in the concentrations of these cytokines between patients with influenza virus infection and patients with RSV infection, suggesting that these cytokines are produced in a similar manner in response to infection with these 2 viruses.
Increases in RANTES concentrations noted exclusively in the blood samples of children infected with influenza virus. As shown in figure 5A , serum concentrations of RANTES were significantly elevated in the blood of patients with influenza virus infection (median, 1572 pg/mL vs. 771 pg/mL in patients with RSV infection and 904 pg/mL in controls; P Ͻ .05). There were no differences in serum concentrations of RANTES between patients with RSV infection and controls. As shown in figure 5B , serum concentrations of IL-1␣ were significantly increased both in patients with influenza virus infection (median, 342 pg/mL) and in patients with RSV infection (213 pg/mL), compared with controls (71 pg/mL). Similarly, serum concentrations of IP-10 were significantly increased in patients with influenza virus infection (552 pg/mL) and in those with RSV infection (569 pg/ mL), compared with controls (161 pg/mL) ( figure 5C ). However, there were no differences in serum concentrations of either IL-1␣ or IP-10 between patients infected with influenza virus and those infected with RSV.
Comprehensive results of all nasal wash and serum cytokine/ chemokine concentrations are presented in table 2, which is available only in the electronic version of the Journal.
Correlations between cell and cytokine/chemokine parameters and clinical disease. Data were reviewed for potential correlations between cells, chemokine/cytokine concentrations, and clinical disease severity. Correlation coefficients for all significant correlations (P Ͻ .05) are shown in table 3. We did find significant, although modest, positive correlations between LOH and nasal wash concentrations of IL-6, IL-8, MCP-1, TNF-␣, and MIP-1␣. Similarly, we found positive correlations between clinical disease severity (LOH, presence of fever, and number of days that supplemental oxygen was required) and serum IL-1␣ and IP-10 concentrations. The numbers of pDCs and mDCs measured in the upper respiratory tract correlated with the presence of fever (temperature, Ͼ38.5°C during hospitalization). The numbers of the same cell types measured in blood were inversely correlated with the presence of fever, suggesting that febrile patients had greater recruitment of DCs from blood to the site of viral replication. Lower numbers of pDCs and mDCs in blood were also associated with increases in LOH and the number of days that supplemental oxygen was required, although no corresponding significant positive correlations were found between the respiratory DCs and these clinical parameters. There were a number of significant positive correlations between concentrations of several cytokines/chemokines in the upper respiratory tract and clinical parameters, as shown in table 3. 
DISCUSSION
Despite the enormous clinical influence of influenza virus and RSV, especially when they affect young children, little is known about the immunopathogenesis of these important viruses. Our investigative group has been interested in studying the role of DCs in the immune responses of young children infected with influenza virus and RSV, as well as whether differences in the numbers of DCs in the different compartments can, at least in part, provide insight into how immune responses to these 2 common viral infections are regulated. The present study confirms our previous observations that both mDCs and pDCs are present in increased numbers in the upper respiratory tract of children with acute RSV infection [13] . It also provides the first evidence that acute infection with influenza virus also results in increased numbers of mDCs and pDCs in the upper respiratory tract, and that it is more effective than infection with RSV in this regard. Indeed, the numbers of both mDCs and pDCs in nasal wash samples of children with influenza virus infection were significantly higher than those in samples from children with RSV infection.
Studies of other immune cells offer additional insights into the similarities and differences in the immune responses associated with these 2 viral infections. The number of monocytes was also increased in nasal wash samples obtained from children infected with influenza virus, compared with those obtained both from children infected with RSV and from controls. Children with RSV infection, however, did not have increased numbers of monocytes in their upper respiratory tract samples. In contrast with the observations for DCs, we did not observe decreased numbers of monocytes in the blood of children infected with influenza virus or RSV, suggesting that a different mechanism(s) may regulate monocyte and DC migration into the respiratory tract after viral infection. It also is possible that variation in maturation from monocytes to mDCs within the respiratory tract itself could also contribute to the differences observed between influenza virus and RSV. An alternative explanation could be that RSV has a direct effect on monocytes, resulting in accelerated death of this cell type.
The lack of significant changes in the numbers of T cells suggests that the increased numbers of DCs detected in the upper respiratory tract of children with these viral infections do not simply denote a nonspecific recruitment of all immune cells but probably reflect more-selective mechanisms related to the primary role of DCs in orchestrating immune responses.
To understand which factors may influence the migration of DCs and other immune cells to the respiratory tract of these patients, we measured 23 cytokines and chemokines in both nasal wash and blood samples. As expected, there were significant similarities between the groups with the 2 infections in terms of increased nasal wash concentrations of IL-6, IL-8, MIP-1␣, IP-10, and TNF-␣, compared with controls. The concentrations of MCP-1, however, were significantly elevated in patients with influenza virus infection, compared with both patients with RSV infection and controls.
Previous studies by Casola et al. [16] and Garofalo et al. [17] demonstrated increased concentrations of MCP-1 in nasal secretions of children with RSV bronchiolitis, compared with controls. Additional studies showed that children with influenza virus infection have greater nasopharyngeal concentrations of MCP-1 than do those with RSV infection [18, 19] . The present MCP-1 (CCL2) is thought to play an important role in the pathogenesis of lung inflammatory disorders [20] , including asthma. MCP-1 stimulates histamine and leukotriene release, enhances Th2 polarization, and mediates trafficking of effector and regulatory leukocytes, especially monocytes, to the lungs. Many immune cells express CCR2, the receptor for MCP-1, including Ͼ90% of macrophages, monocytes, and immature murine DCs. MCP-1 is secreted by epithelial cells and many immune cells, including monocytes and DCs [21] . It is possible that the greater concentrations of MCP-1 induced by influenza virus result in more effective recruitment of monocytes and DCs to the respiratory tract, because both monocytes and DCs respond to MCP-1 [22, 23] . Because DCs can also synthesize MCP-1 [24, 25] , the increased MCP-1 concentrations may also be a reflection of the increased numbers of DCs present in the upper respiratory tract of patients infected with influenza virus.
Several in vitro studies demonstrated that RSV can infect monocyte-derived DCs and, more importantly, that, as a result of the infection (or interaction), DCs have decreased capacity to stimulate CD4 ϩ T cells [26 -28] . Influenza virus, however, does not impair the capacity of DCs to induce T cell priming and proliferation in vitro [29 -31] . Other viruses, such as cytomegalovirus (CMV), have been shown to affect DC phenotype and function both in vitro and in patients with CMV infectious mononucleosis. [32] [33] [34] [35] . In patients with CMV infection, DCs showed decreased expression of major histocompatibility complex class II and diminished capacity to induce T cell alloproliferation. Exposure of DCs to CMV in vitro resulted in decreased migration capacity as well [35] .
To further define the role of DCs and cytokines in disease pathogenesis, we also analyzed the correlations between parameters of clinical disease severity and the number of DC subsets, as well as the concentrations of cytokines. Our results demonstrate a significant correlation between the concentrations of several inflammatory cytokines and chemokines, such as MIP-1␣, IL-6, IL-8, MCP-1, and TNF-␣, and the duration of hospitalization (table 3) . This was not unexpected, because several studies have correlated these cytokines with disease severity. In addition, we documented mild but significant inverse correlations between the number of mDCs and pDCs in blood and the presence of fever, as well as the LOH and the number of days that supplementary oxygen was required. This is a novel and intriguing observation that will require confirmation by other investigators. Nevertheless, it strongly suggests that mDCs and pDCs play a major role in the immunopathogenesis that determines the clinical manifestations of these common respiratory infections.
In summary, we have documented quantitative differences in the numbers of DCs and monocytes in the respiratory tract of children with acute infection with influenza virus or RSV. Future studies of children are required to determine whether the observed quantitative differences in the numbers of DCs and monocytes correlate with differences in the expression of maturation markers and receptors, such as CCR2, which may regulate migration of these cells. In addition, future studies are required to determine whether the differences in mDC function observed after in vitro exposure to RSV and influenza also occur in cells obtained from children with naturally occurring infections. Further understanding the in vivo function of mDCs will provide important insight into the pathogenesis of these infections and should facilitate designing of novel, more effective vaccines, which are especially needed to reduce the influence of RSV infections in the pediatric population.
